Background: Postoperative ischemia is a frequent phenomenon in patients with brain tumors and is associated with postoperative neurological deficits and impaired overall survival. Particularly in the field of cardiac and vascular surgery, the application of a brief ischemic stimulus not only in the target organ but also in remote tissues can prevent subsequent ischemic damage. We hypothesized that remote ischemic preconditioning (rIPC) in patients with brain tumors undergoing elective surgical resection reduces the incidence of postoperative ischemic tissue damage and its consequences.
Background
Remote ischemic preconditioning (rIPC) is the process by which a brief ischemic stimulus applied in a remote tissue protects vital organs (e.g., brain, heart) against subsequent ischemia [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Some studies have proven the clinical benefits of rIPC in patients undergoing coronary artery bypass surgery [2, 10] . A randomized controlled trial with 57 patients observed a significantly reduced overall serum troponin release after surgery in the rIPC group [2] . In addition, a single-center randomized trial with 329 patients demonstrated a lower geometric mean area under the curve (AUC) for perioperative serum concentrations of cardiac troponin I in the rIPC group [10] .
Emerging data from clinical trials have shown that rIPC may also provide neuroprotection. A prospective randomized study involving 68 patients with symptomatic atherosclerotic intracranial arterial stenosis (IAS) evaluated the impact of bilateral arm ischemic preconditioning (BAIPC) on stroke recurrence. The intervention was performed semidaily for 300 days, and the result showed a reduction in stroke incidence from 26.7% in the control group to 7.9% in the BAIPC group at the end of the study [7] . On the other hand, a prospective, randomized, double-blind controlled trial with 180 patients undergoing cardiac surgery with cardiopulmonary bypass failed to demonstrate the efficacy of rIPC in reducing the incidence of postoperative neurocognitive dysfunction [8] .
In a phase I study of safety and feasibility, rIPC was shown to be safe and was well tolerated by patients with subarachnoid hemorrhage [5] .
The incidence of ischemic tissue damage following resection of gliomas and metastases has been shown to be significant in previous studies and is associated with the occurrence of new postoperative neurological deficits [15] [16] [17] . Previous studies have identified postoperative ischemic lesions in 31% of patients with newly diagnosed gliomas, 80% of patients with recurrent gliomas, and 36.1% of patients with metastases who underwent surgical resection [15] [16] [17] . Furthermore, a significant impact of infarct volume on overall survival of glioblastoma patients was observed [18] . The prevention of perioperative infarctions is desirable.
We hypothesized that rIPC in patients with intra-axial brain tumors undergoing surgical resection reduces the incidence of postoperative ischemic tissue damage and its sequelae.
Methods

Trial design
We conducted a single-center, randomized, parallel, two-group, double-blind, controlled trial. Patients were randomly assigned to two groups, with 1:1 allocation, stratified by tumor type (glioma or metastasis) and previous treatment with radiotherapy.
Participants and study settings
Eligible patients were adults older than 18 years with suspected primary or metastatic brain tumor planned for elective brain surgery in a tertiary health center (Klinikum rechts der Isar, Munich). Patients younger than 18 years, those with a history of diabetes mellitus (DM), use of oral antidiabetic drugs (OADs), or peripheral artery disease (PAD), pregnant patients, and those who had the operation on an emergency basis without adequate preoperative diagnostic workup were excluded.
Intervention
The interventions took place in an ancillary room (induction room) after induction of anesthesia prior to surgery. For induction of rIPC, a manual appropriately sized blood pressure cuff was placed on the upper arm and inflated three times for 5 min at 200 mmHg. Between the cycles, the blood pressure cuff was deflated for 5 min to allow reperfusion. In the control group, the blood pressure cuff was placed on the arm and no intervention was performed.
The anesthetic procedures corresponded to the standard procedures for brain tumor surgery. Induction and maintenance of anesthesia were performed via infusion of propofol and remifentanil (total intravenous anesthesia). Mannitol at a dose of 20 g was given for brain relaxation. No specific protocol regarding the use of vasopressors and/or fluid administration was used.
Outcomes
Early postoperative magnetic resonance (MR) images (within 72 h after surgery) were evaluated for occurrence of ischemic lesions (primary endpoint) and ischemic lesion volumes (secondary endpoint).
Focal hyperintensity on diffusion-weighted images (DWIs) and a corresponding hypointensity on apparent diffusion coefficient (ADC) maps were the morphological criteria used to define ischemic lesions (Fig. 1) . We excluded areas of restricted diffusion related to methemoglobin [17] . A neuroradiologist blinded to treatment allocation and clinical course evaluated the imaging studies.
Magnetic resonance imaging (MRI) studies were performed with a whole-body 3-T imaging system (Achieva 3 T, Philips Electronics N.V.) using an 8-/16-channel head coil. ADC maps and DWIs were included in this study. DWIs were obtained through single-shot echo planar imaging with 2 b values of 0 and 1000 s/mm 2 . Isotropic DWIs and ADC maps were calculated automatically with the following parameters: repetition time (TR) 3388 or 8413 ms, echo time (TE) 55 ms; image resolution 2 × 2 × 2 mm or 1.6 × 1.8 × 5 mm. T2-weighted fluid-attenuated inversion recovery (FLAIR: TR 12,000 ms, TE 140 ms, inversion time 2850 ms), a T2-weighted gradient echo (TR 813 ms, TE 16 ms), and a T1-weighted spin echo (TR 494 ms, TE 10 ms) prior to and after intravenous administration of 0.1 mmol/kg of gadopentetate dimeglumine were also acquired.
The treating neurosurgeon assessed the occurrence and severity of new postoperative neurological deficits or worsening of preoperative neurological function before hospital discharge and 3 months after surgery. Motor function was assessed with the Medical Research Council muscle strength grading system. The Karnofsky Performance Status Scale (KPS) was used to measure functional status.
Sample size
Sample size determination was difficult due to the lack of previous studies investigating the impact of rIPC on occurrence of perioperative ischemic lesions. Based on a randomized trial published in 2012 [7] , we hypothesized a reduction in incidence of new ischemic events greater than 50% in the rIPC group (from 60% to 23%). Considering a two-sided test with an alpha of 0.05 and statistical power of 80%, we estimated that 24 patients would be required for each group. Additional patients were included in each group considering the possible dropout and inequality in patient allocation. Therefore, 30 patients per group were planned.
Randomization and blinding
A computer-generated list of random numbers was created for assignment of participants to either the rIPC group or the control group with a 1:1 allocation using random block sizes of 6, 8, and 10 stratified according to previous radiotherapy and tumor type (brain metastasis vs. glioma). A researcher who was not involved in treatment and outcome assessment generated the random allocation sequence and assigned participants to interventions (BW). AHAS enrolled the participants and conducted the interventions. Only the investigator responsible for assigning patients to interventions (BW) had access to the random allocation sequence.
Patients and outcome assessors were blinded to treatment allocation (double-blind study). In addition, the neurosurgeons remained blinded, since interventions were conducted in the induction room before surgery. Anesthetists left the ancillary room while the interventions were performed.
Statistical analysis
A descriptive data analysis, Pearson chi-square test, Student's t test, Fisher's exact test, and Mann-Whitney U test were performed using IBM SPSS Statistics version 23.0. Data are presented as mean (standard deviation), median (interquartile range), or number of patients. Treatment groups were compared for the primary outcome (incidence of new ischemic lesions) using the Pearson chi-square test (two-sided). Due to our small sample size, the infarct volume data did not follow a normal distribution. Therefore, we performed the Mann-Whitney U test (two-sided) to compare the two treatment groups. The relative risk (RR) and Pearson correlation coefficient (r) were measured in order to quantify effect sizes. A p value of less than 0.05 was considered statistically significant.
Results
Between September 2015 and June 2016, 107 patients with suspected primary or metastatic brain tumors were assessed for eligibility, of whom 60 patients were included and randomly assigned to the rIPC group (29 patients) or the control group (31 patients). Early postoperative MRI was not evaluated in one patient in the rIPC group due to technical problems during image acquisition. Another patient in the rIPC group had died within 48 h after surgery due to clinical complications and severe comorbidities. Therefore, only 58 of the 60 patients were assessed for occurrence of postoperative ischemia. Figure 2 shows the trial profile.
The participants were followed from September 2015 until September 2016 for evaluation of the occurrence of permanent neurological deficits.
Descriptive data analysis
Twenty-nine patients were male and 29 were female. The mean age at time of surgery was 56.6 ± 13.7 years (range: 32-80). Of the 58 patients, 35 had a primary brain tumor and 23 had a metastatic brain tumor. Among patients with primary brain tumors, 7 patients had a low-grade glioma (LGG) (World Health Organization (WHO) grade I in 1 case, WHO grade II in 6), and 28 patients a high-grade glioma (HGG) (WHO grade III in 15 cases, WHO grade IV in 13). Twelve patients had a glioblastoma, 9 an anaplastic astrocytoma, 5 a diffuse astrocytoma, 5 an anaplastic oligodendroglioma, 1 an oligodendroglioma, 1 an anaplastic oligoastrocytoma, 1 a ganglioglioma, and 1 a gliosarcoma. O(6)-methylguanine-DNA methyltransferase (MGMT) methylation was found in 12 patients, whereas isocitrate dehydrogenase 1 (IDH1) mutation was detected in 17 patients and 1p/19q codeletion in 8 patients.
Adenocarcinoma was the most common histological type among patients with metastatic brain tumors, affecting 10 patients, followed by melanoma (4 patients), undifferentiated carcinoma (2 patients), squamous cell carcinoma (2 patients), and other subtypes (5 patients).
The primary sites in patients with metastatic tumors were as follows: lung cancer in 10 cases, melanoma in 4, upper gastrointestinal tract tumors in 2, ovarian cancer in 1, urinary tract cancer in 1, and unknown in 5 cases.
Seventeen patients had had previous treatment with radiotherapy, whereas 20 patients had received chemotherapy prior to surgery. Among the patients with primary brain tumors who had received chemotherapy prior to surgery, 10 were treated with temozolomide, whereas only one patient had received lomustine (CCNU).
The main tumor location was frontal in 30 cases, temporal in 15, and parietal in 5, in the basal ganglia in 3 cases, and in other locations in 5. Twenty-one patients had left-sided tumors, 26 right-sided tumors, and 11 bilateral tumors.
Fifty-six of the 58 surgical procedures were performed by eight board-certified neurosurgeons. In detail, senior surgeons with a mean experience of 17.5 years (range 14-25 years) performed 43 surgeries, while surgeons with an intermediate experience level (8.5 years, range 7-10 years) performed 13 surgeries. Two of the 58 surgical procedures were performed by chief residents under supervision of one of the above-mentioned boardcertified neurosurgeons.
The mean duration of surgery was 2.71 ± 0.87 h in the rIPC group and 2.62 ± 0.9 h in the control group. Fortyfour patients were classified as American Society of Anesthesiologists Physical Status (ASA PS) 1 or 2 (low risk), and 9 as ASA PS 3 (intermediate risk). An ASA PS Fig. 2 Flowchart of the trial profile. One hundred seven patients were assessed for eligibility, of whom 60 were included and randomly assigned to one of two treatment groups (29 patients in the rIPC group and 31 patients in the control group). Two patients were excluded after randomization: early postoperative MRI was not evaluated in 2 patients in the rIPC group. Therefore, 58 patients were assessed for occurrence of postoperative ischemia classification was not available for 5 patients. The use of intraoperative neurophysiological monitoring was similar in both groups (20 patients in the rIPC group vs. 19 patients in the control group). Gross total resection was achieved in 26 patients, near total resection (≥90% but <100%) in 21, and subtotal resection in 11.
The baseline characteristics did not differ between treatment groups (Table 1) .
Ischemic preconditioning and postoperative ischemic tissue damage
Forty-four of 58 patients had new postoperative ischemic lesions. The incidence of new postoperative ischemic lesions was significantly higher in the control group (27/31) than in the rIPC group (17/27) (Pearson chisquare test, p = 0.03; RR = 0.722, 95% confidence interval (CI) 0.525-0.994). See Table 2 and Fig. 3 .
Although we observed a clear trend, the association between ischemic preconditioning and infarct volumes was not significant. The median infarct volume was 0.36 cm 3 
Ischemic preconditioning and neurological deficits
New neurological deficits occurred in 4 of 27 patients in the rIPC group: anomic aphasia in 1, severe motor deficit (muscle strength (MS): 0-2/5) in 1, mild to moderate motor deficit (MS: 3-4/5) in 2 cases, and dysphagia in 1 case. The deficits were permanent in 2 of these patients at 3 months follow-up (anomic aphasia in 1, severe motor deficit in another). One patient presented with recovery of neurological function, and 1 patient died within 1 month after surgery.
In the control group, new neurological deficits were found in 5 of 31 patients: non-fluent aphasia in 1 case, dysarthria in 1 case, sensitive deficit in 2 cases, and mild to moderate motor deficit in 3 cases. Of these 5 patients, one had permanent deficits at 3 months follow-up (anomic aphasia and mild to moderate motor deficit). Three patients have shown improvement in neurological function, and one patient was lost to follow-up.
There was no significant difference between the two groups with respect to incidence of new neurological deficits (Fisher's exact test; p = 1).
Three of 27 patients in the rIPC group experienced postoperative deterioration of neurological symptoms: aphasia in 2 cases, severe motor deficit in 2 cases, and mild to moderate motor deficit in 1 case. At 3 months follow-up, only one of these patients had a permanent deficit (mild to moderate motor deficit).
In the control group, three patients had a postoperative worsening of neurological function (severe motor deficit).
One of these patients presented a partial improvement of motor function (mild to moderate deficit) at 3 months follow-up. The other two patients were lost to follow-up.
Discussion
Our study demonstrated that rIPC was associated with a reduced incidence of new postoperative ischemic lesions in patients undergoing elective brain tumor surgery. The benefits of rIPC in patients undergoing cardiac surgery have been shown to be significant in many clinical studies [2, 3, 10] . Myocardial infarction, as measured by a surrogate parameter (serum troponin levels), has been shown to be less severe in patients assigned to the preconditioning group [2, 10] . However, the impact of rIPC on the incidence of postoperative ischemic lesions in patients with brain tumors has not been evaluated to date.
Previous studies have demonstrated that ischemic preconditioning confers protection against cerebral ischemia and its sequelae [7, 19, 20] . Wegener et al. were able to show that patients with transient ischemic attacks (TIAs) prior to stroke had smaller infarct volumes than patients without a history of TIA, and this was associated with milder clinical deficits [19] . A prospective randomized study involving 68 patients with symptomatic atherosclerotic IAS showed a reduction in stroke incidence from 26.7% in the control group to 7.9% in the ischemic preconditioning group at the end of the study [7] . Moreover, Chan et al. evaluated the effects of ischemic preconditioning (IPC) during clipping of cerebral aneurysm. In the IPC group, the proximal artery was briefly occluded for 2 min followed by a 30-min reperfusion. The decline of oxygen tension (PtO 2 ) and pH in tissues at risk was delayed in the IPC group compared to the control group [20] .
In our study, 44 of 58 patients had new postoperative ischemic lesions. This incidence was similar to that reported in previous studies involving patients with brain tumors [15] [16] [17] .
The primary outcome of our study was the incidence of new ischemic lesions. We found an absolute risk reduction of 24% and a number needed to treat (NNT) of 4.1, which indicates that rIPC is effective in reducing the incidence of postoperative ischemic changes. Our sample size was determined to evaluate this endpoint, which proved to be significant but too small to determine whether the association between rIPC and infarct volume is significant as well. In addition, infarct volumes were generally small in both groups, which is consistent with the results of previous studies [16, 18] . However, we found a trend toward smaller infarct volumes in the rIPC group. Further randomized trials with larger sample sizes are necessary to investigate this association.
A limitation of our study is that patients were not evaluated separately according to underlying disease Gross total resection 13 13 Near total resection 9 12
Subtotal resection 5 6 (glioma or brain metastasis). Although both are spaceoccupying brain lesions, the pathological features vary considerably, and this may impact surgical resection and occurrence of postoperative complications, including ischemic events. Glial tumors infiltrate the surrounding tissue in contrast to brain metastases, which are usually well circumscribed [21, 22] . Consequently, surgical resection of brain metastases is often considered easier and less damaging to the surrounding brain tissue than the resection of glial tumors [22] . Previous studies have demonstrated differences in incidence of new postoperative ischemic lesions between these two entities [16, 17] . A retrospective study involving 122 patients with brain metastases showed that 44 patients (36.1%) had postoperative ischemic lesions, whereas another retrospective study involving glioma patients showed an incidence of 31% (26 of 84 patients) of postoperative ischemic lesions in patients with newly diagnosed gliomas and 80% (20 of 25 patients) in patients with recurrent gliomas [16, 17] . Therefore, in our study, care was taken to balance treatment groups through stratification. The occurrence of new postoperative neurological deficits and postoperative worsening of neurological function did not differ significantly between treatment groups. Previous retrospective studies have demonstrated a significant association between incidence of ischemic lesions and occurrence of new neurological deficits [16, 17, 23] . A case-control study involving 84 patients who underwent glioma resection (42 patients with postoperative neurological deficits and 42 patients without new acquired deficits) has shown that postoperative ischemic lesions were more often seen in patients with new neurological deficits (63% vs. 44%) [23] . The incidence of new neurological deficits in our sample was similar to those reported in previous studies [16, 17, 24, 25] .
Considering that deterioration of neurological function was a secondary outcome in this study, we cannot consider these results as definitive. The sample size was not 
